We propose a new model where the Dirac mass term for neutrinos, the Majorana mass term for right-handed neutrinos, and the other new fermion masses arise via the spontaneous breakdown of the U(1) B−L gauge symmetry. The anomaly-free condition gives four sets of assignment of the B−L charge to new particles, and three of these sets have an associated global U(1) DM symmetry which stabilizes dark matter candidates. The dark matter candidates contribute to generating the Dirac mass term for neutrinos at the one-loop level. Consequently, tiny neutrino masses are generated at the two-loop level via a Type-I-Seesaw-like mechanism. We show that this model can satisfy current bounds from neutrino oscillation data, the lepton flavor violation, the relic abundance of the dark matter, and the direct search for the dark matter. This model would be tested at future collider experiments and dark matter experiments.
I. INTRODUCTION
The existence of neutrino masses has been established very well by the brilliant success of neutrino oscillation measurements [1] [2] [3] [4] [5] [6] [7] [8] [9] , in spite that neutrinos are massless in the standard model of particle physics (SM) where right-handed neutrinos ν R are absent. If ν R are introduced to the SM, there are two possible mass terms for neutrinos [10] , the Dirac type ν L ν R and the Majorana type (ν R ) c ν R .
Since fermion masses in the SM are generated via the spontaneous breakdown of the SU(2) L × U(1) Y gauge symmetry, it seems natural that new fermion mass terms which do not exist in the SM arise from spontaneous breakdown of a new gauge symmetry. Let us take a U(1) as the group of the new gauge symmetry (denoted as U (1) ′ ). Suppose that the U(1) ′ gauge symmetry is spontaneously broken by the vacuum expectation value (VEV) of a scalar field σ 0 which is a singlet under the SM gauge group. Then origins of the Majorana mass term of ν R and the Dirac mass term of neutrinos can be σ 0 (ν R ) c ν R (or (σ 0 ) * (ν R ) c ν R ) and σ 0 ν R Φ T ǫL, respectively, where the field L is the SU(2) L -doublet of leptons, Φ is the Higgs doublet field in the SM, and ǫ is the complete antisymmetric tensor for the SU(2) L indices.
The Majorana mass term for ν L comes from (σ 0 ) 3 L c ǫΦ * Φ T ǫL (or σ 0 |σ 0 | 2 L c ǫΦ * Φ T ǫL).
When we decompose the dimension-5 operator σ 0 ν R Φ T ǫL with renormalizable interactions, an interesting possibility is the radiative realization of the operator. A variety of models where the Dirac mass term for neutrinos is radiatively generated has been studied in Refs. [11] [12] [13] [14] [15] [16] [17] [18] (See also Ref. [19] ). In a radiative mechanism for neutrino masses, a dark matter candidate can appear by imposing an ad hoc unbroken Z 2 symmetry (See e.g.,
Refs [15, [20] [21] [22] [23] [24] [25] [26] [27] [28] ). It would be natural that such a symmetry to stabilize the dark matter appears as a residual symmetry of a gauge symmetry which is spontaneously broken at higher energies than the electroweak scale (See e.g., Refs. [29] [30] [31] ). The breaking of such a gauge symmetry can also be the origin of masses of new chiral fermions which contribute to the loop diagram. If we take a U(1) ′ symmetry as the new gauge symmetry and introduced fermions are only singlet fields under the SM gauge group, a simple choice for U(1) ′ is the
1 New physics models with the TeV-scale U(1) B−L gauge symmetry can be found in e.g., Refs. [33, 34] . Collider phenomenology on the U(1) B−L gauge symmetry is discussed in e.g., Ref. [35] .
Along with the scenario stated above, a model in Ref. [28] was constructed such that the breaking of the U(1) B−L gauge symmetry gives a residual symmetry for the dark matter (DM) stability and new fermion mass terms which are absent in the SM (e.g., the Majorana neutrino mass of ν R , the one-loop generated Dirac mass term of neutrinos, and the masses of new fermions among which the lightest one can be a DM candidate). However, in order to cancel the anomalies for the U(1) B−L gauge symmetry, it is required to introduce more new fermions which do not contribute to the mechanism of generating neutrino masses.
In this paper, we propose a new model which is an improved version of the model in
Ref. [28] from the view point of the anomaly cancellation. The B−L charges of new particles are assigned such that the condition of anomaly cancellation is satisfied. Consequently, the B−L charges for some new particles turn out to be irrational numbers. Because of this charge assignment, there exists an unbroken global U(1) symmetry even after the breakdown of the U(1) B−L symmetry. The global U(1) symmetry stabilizes the dark matter, so that we hereafter call it U(1) DM . The lightest particle with the irrational quantum number can be a dark matter candidate. In our model, the dark matter candidate is a new scalar boson with the irrational quantum number. Furthermore, the Dirac mass term of neutrinos is radiatively generated at the one-loop level due to the quantum effect of the new particles with irrational quantum numbers. Tiny neutrino masses are explained by the two-loop diagrams with a Type-I-Seesaw-like mechanism. We find that the model can satisfy current data from the neutrino oscillation, the lepton flavor violation (LFV), the relic abundance and the direct search for the dark matter, and the LHC experiment.
This paper is organized as follows. In Sec. II, the model is defined and the basic property is discussed. In Sec. III, the neutrino masses are induced due to the spontaneous breaking of U(1) B−L . We find a benchmark scenario in which current experimental constraints are taken into account such as the neutrino oscillation data, the LFV, the relic abundance of the dark matter, the direct search for the dark matter, and the LHC results. Conclusions are given in Sec. IV. Some details of our calculations are shown in Appendix. 
TABLE II: Sets of N ψ , N ν R and x, for which the U(1) B−L gauge symmetry is free from anomaly.
Here, N ψ is the number of ψ Ri (the same as the number of ψ Li ), N ν R is the number of ν Ra , and x is the B−L charge of ψ Ri .
II. THE MODEL
New particles listed in Table I are added to the SM. Assignment of U(1) B−L charges is different from that in the previous model in Ref. [28] . Conditions for cancellation of the
where N ψ is the number of ψ Ri (the same as the number of ψ Li ), and N ν R is the number of ν Ra .
There are four solutions as presented in Table II . Except for Case III, the U(1) B−L charges of some new particles are irrational numbers while the U(1) B−L symmetry is spontaneously broken by the VEV of σ 0 whose U(1) B−L charge is a rational number. Therefore, the irrational charges are conserved, and the lightest particle with an irrational U(1) B−L charge becomes stable so that the particle can be regarded as a dark matter candidate. Notice that there is no dark matter candidate in Case III. As we see later, two of three light neutrinos are massless in Case I, which does not fit the neutrino oscillation data. In this paper, we take Case IV as an example.
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The Yukawa interactions are given by
where
T . Indices i and a run from 1 to
exists in the previous model is absent in this model because of assignment of B−L charge to new particles are different from those in the previous paper [28] .
The scalar potential in our model is the same as that in the previous model 3 [28] :
where µ 
The VEV v σ provides a mass of the
g B−L is the U(1) B−L gauge coupling constant. After the gauge symmetry breaking with v φ
2 If the B−L charge of σ 0 is 2 as in the model in Ref. [28] , the B−L charges for {s 0 , η, ψ R , ψ L , ν R } will be assigned as {x + 1, x + 1, x, x + 2, −1}. There is only an anomaly-free solution x = −1. We do not take this possibility because there is no residual symmetry to stabilize the dark matter. 3 For Case III in Table II We have two CP-even scalar particles h 0 and H 0 as
On 
Their masses and the mass of the charged scalar η ± are given by
III. NEUTRINO MASS AND DARK MATTER A. Neutrino Mass
Tiny neutrino masses are generated by two-loop diagrams in Fig. 1 [28] . The mass matrix m ν is expressed in the flavor basis as Let us define the following matrix:
If N ψ = 1, the matrix A ij becomes just a number and then (m ν ) ℓℓ ′ becomes a rank-1 matrix which is not consistent with neutrino oscillation data. Therefore, Case I in Table II is not acceptable. On the other hand, N ν R = 1 does not mean that (m ν ) ℓℓ ′ is a rank-1 matrix because of existence of (I 2 ) ija . We will see later that our benchmark point for Case IV in Table II does not include massless neutrinos even though N ν R = 1.
The neutrino mass matrix (m ν ) ℓℓ ′ is diagonalized by a unitary matrix U MNS , the so-called Maki-Nakagawa-Sakata (MNS) matrix [37] , as U † 
where c ij ≡ cos θ ij and s ij ≡ sin θ ij . In our analysis, the following values [2, 5, 8] obtained by neutrino oscillation measurements are used in order to search for a benchmark point of model parameters: 
where ∆m 
The 
B. Lepton Flavor Violation
The charged scalar η ± contributes to the LFV decays of charged leptons. The formula for the branching ratio (BR) of µ → eγ can be calculated [39] as
At the benchmark point, we have BR(µ → eγ) = 6.1 × 10 −14 which satisfies the current constraint BR(µ → eγ) < 5.7 × 10 −13 (90% C.L.) [40] .
C. Dark Matter
In principle, ψ 1 or H 0 1 can be a dark matter candidate. However, due to the following reason, the scalar H 0 1 turns out to be the dark matter candidate. If the dark matter is the fermion ψ 1 , it annihilates into a pair of SM particles via the s-channel process mediated by h 0 and H 0 . The cross section of the process is proportional to sin 2 2θ 0 . In order to obtain a sufficient annihilation cross section of ψ 1 , a large mixing cos θ 0 ≃ 1/ √ 2 is preferred [34] .
Even for a maximal mixing cos θ 0 = 1/ √ 2, the observed abundance of the dark matter [41] requires v σ 10 TeV. The current constraint from direct searches of the dark matter [42] requires larger v σ in order to suppress the Z ′ contribution. The benchmark point corresponds to v σ = 60 TeV and gives about 6.6 × 10 −47 cm 2 for the scattering cross section via Z ′ , which is smaller than the current constraint [42] by an order of magnitude. Thus, the constraint from the direct search of the dark matter is also satisfied at the benchmark point. In this model, ν R is not the dark matter and can decay into the SM particles. Decay branching ratios for ν R are shown in Table IV . The decay into H 0 is forbidden because it is heavier than ν R at the benchmark point. Since the B−L charge of ν R is rather small, ν R is 5 The production cross section becomes about 6 fb if we take g B−L = 0.05 and m Z ′ = 2000 GeV. Notice that the current bound m Z ′ 3 TeV at the LHC [49] is for the case where the gauge coupling for Z ′ is the same as the one for Z, namely g B−L ≃ 0.7.
not produced directly from Z ′ . However, ν R can be produced through the decays of ψ i . As a result, about 18 % of Z ′ produces ν R . For ν R → W ℓ (56 %) followed by the hadronic decay of W (68 %), the ν R would be reconstructed. In this model, an invariant mass of a pair of the reconstructed ν R is not at m Z ′ in contrast with a naive model where only three ν R with B−L = −1 are introduced to the SM. 6 This feature of ν R also enables us to distinguish this model from the previous model in Ref. [28] where ν R with B−L = 1 can be directly produced by the Z ′ decay.
IV. CONCLUSIONS
We have proposed the model which is an improved version of the model in Ref. The invariant mass distribution of ν R ν R does not take a peak at m Z ′ , which could be a characteristic signal of this kind of models with the unusual B−L charge of ν R . 
